Abstract. The duckweed Spirodela oligorrhiza was grown in sterile nutrient solutions that contained 1 mm phosphate-32P at various specific activities. In solutions with activities higher than 2 ,uc per,Lmole per ml, plant growth was inhibited after a time, and the physical appearance of the plants was affected. The ('12, 39. 45) have been limited by a lack of sensitivity in the chemical estimation procedures. A greatly increased sensitivity can be obtained by using radiochemical procedures: either through neutron activation (4) or through using plant material which has been grown in 32p, long enough for equilibrium labeling to be reached. The latter procedure is not suitable for large plants which are growing in soil. However, the duckweed Spirodela oligorrhiza (Kurz.) Hegelm., a minute floating water plant. grows vegetatively in axenic culture on a completely defined medium. doubles its weight every 2 days, and is ideally suited to such a study.
imietabolism, there is little information about the amounts of the various phosphate esters which may be present in plant tissues. Experimental difficulties exist because numerous phosphorus-containing conl)pounds are present, in low concentrations. Sen- itive and specific enzyme methods can be used to estimate each ester in turn (1, 2, 35); but the procedure is not suitable for obtaining a balance-sheet. Procedures for separating the various esters chromatographicallv and estimating each ester chemically ('12, 39. 45) have been limited by a lack of sensitivity in the chemical estimation procedures. A greatly increased sensitivity can be obtained by using radiochemical procedures: either through neutron activation (4) or through using plant material which has been grown in 32p, long enough for equilibrium labeling to be reached. The latter procedure is not suitable for large plants which are growing in soil. However, the duckweed Spirodela oligorrhiza (Kurz.) Hegelm., a minute floating water plant.
grows vegetatively in axenic culture on a completely defined medium. doubles its weight every 2 days, and is ideally suited to such a study.
In this study. Spirodela was grown for several " generations" in 32p1, to provide a uniformly labeled plant tissue which was analyzed for its phosphoruscontaining constituents. To avoid the possibility of radiation damage confusing the results, the radiation sensitivity of Spirodela was first determined.
Materials and Methods
Culture of Spirodela. Spirodela oligorrhiza, obtained from Thimann (42) , was normally grown within 50 ml conical flasks in 20 mil medium which contained 4 ImlM (NH4)2SO4, 2 mM CaS'04, 2 mM MgSO4, 1 mim K2SO4, 1 mM KHjP04, 1 % glucose w/v, Fe-EVDTA at 3 parts per million, B and Mn at 0.5 parts per million, Zn at 0.05 parts per million, and Cu and Mo at 0.02 parts per million (15) .
Medium was dispensed and autoclaved, then inoculated with 3 or 5 three-frond units, that is, 6 to 10 mg tissue (a 3-frond unit comprises a mature mother frond subtending an old daughter frond on one side and a younger one on the other). Sterile CaCO3, about 50 mg, was added to each flask at the time of inoculation to buffer the culture medium during growth of the tissue. Plants were grown at 240 in continuous "daylight" fluorescent light, approximately 250 ft-c, and harvested or subcultured after 8 to 14 days.
Sensitivity of Spirodela to Beta Radiationt. In these experiments, to conserve tracer, only 10 ml culture medium per flask was used. Standard medium minus P1 was made up; then 0.2 M KH.PO4-(32tp) solutions of various specific activities were prepared by serial dilution with unlabeled 0.2 M KH2PO4. and the appropriate amount was added to its portion of the culture medium. Levels of radioactivity emploved were 0, 0.6, 2.0, 6, and 20 uc per Drop 1 g tissue into 25 ml MCF at -72°C and hold at -25°C for 18 hr. Homogenize, and centrifuge at 2000 X g, 5 min I I SUPERNATANT. Add 32P-labeled material was lost when KOH hydrolvsis/ HClO4 neutralization was used for obtaining the RNA extract (14, 44 (14) . Carrier compounds were detected by standard procedures (14, 20) .
Generally, when a carrier was added to the extract, trace compounds normally chromatographing in the same position were excluded by it. In autoradiographs, these compounds appeared as a rim at the edge of the carrier. The 2 areas were eluted individually, and then separated along with other carrier compounds by electrophoresis at pH 3.6 (10, 14) or by chromatography on paper buffered with pH 8 (14) . Two-dimensional thin-layer chromatography anid thin-layer electrophoresis (10) were also used in conifirming results. Other chromatographic systems were tested, but they did not yield any additional information.
Ribonucleotides contained in the RNA extract were separated by the procedures described above. except that electrophoresis was used to obtain the primary separation. A phosphorus-containing material that always remained at the origin was partly eluted by 1 N KOH, and was identified as DNA. The amount present in the original extract was estimated chemically (16) .
Attempts to render soluble the small amount of phosphorus-containing material retained in the residue fraction were not successful.
Results
Effect of Radiation Intensity on Plant Growvth. The rate of growth of Spirodela depended on the specific activity of the 32p1 supplied in the culture (26), reacted with periodate/Schiffs reagent (4) and alkaline AgN03 (43) , and upon deacylation gave a product that chromatographed in watersaturated phenol at an RF characteristic of the deacylation product of phosphatidyl glycerol (4, 26). They are identified as phosphatidyl choline, phosphatidyl ethanolamine and phosphatidyl glycerol respectively.
Three other compounds were identified on the basis of their co-chromatography with authentic compounds and their reactions with spray reagents: phosphatidyl inositol (blue fluorescence with Rhodamine B, weak reaction with alkaline AgNO3), phosphatidyl serine (very weak ninhydrin reaction) and phosphatidic acid. The material which remained near the origin was probably a complex phospholipid, for it gave positive ninhydrin and Dragendorff reactions, and a red fluorescence with Rhodamine B. The tissue content of the variotus phospholipids is given in ( 14) .
Chromatography of the original soluble ester extract in solvent 4-solvent 5 allowed accurate figures for radioactivities present in free nucleotide 3'-(and 2'-) phosphates to be obtained. The hexose monophosphates were separated more cleanly and their identity was confirmed. It became apparent that a small amount of galactose-6-P was present. and though it did not separate completely from the G6P, it appeared to comprise from 4 to 10 % of the G6P. Glyceraldehyde-3-P was also separated as a compact spot in this system. These data have been used to estimate the amount and proportion of each ester detected in the soluble ester extract (table III) .
Components of the RNA Extract. Electrophoresis of the hydrolyzed RNA extract yielded 5 strongly radioactive bands, and about 10 weakly radioactive ones. All 5 main bands were weakly UV-absorbing: 1 was at the origin and the remaining 4, with rela- containing material bound to the origin is mostly DNA. These data have been used to estimate the amount and proportion of each phosphorus-containing compound present in the RNA extract (table IV) .
Discussion
Radiation Sensitivity. The higher the specific activity of the 32p supplied to the tissue, the sooner an inhibition of growth resulted. The critical level of radiation at which growth first became affected was calculated. In its geometry, the system is equivalent to a flat plate of tissue 0.10 mm thick, resting on an infinitely thick layer of solution. There were 2 components to the radiation received by the tissue, from the 32p in the tissue and from the 32p; in the solution. Consider the situation at the critical point when inhibition of growth had just become apparent in the sample. The solution contained (activity at t = 0) 6 ,tc/ml; the tissue content was 270 juc/g fresh weight; inhibition was apparent after t = 9 days; and 32p has a mean beta energy E = 0.69 NIev and a half-life of 143 days. The apparent absorption coefficient for P beta particles in tissue is 9.2 cm2/g (23) . These data can be used to calculate that the dose due to the solution was 760 rads, to the tissue itself was 4400 rads, total 5200 rads. A similar critical dose is obtained for tissues growing at other radiation, intensities. The value obtained is likely to be an overestimate because the tissue takes about 2 days to reach its final radioactivity, and the damage takes a finite time to appear (33). It is similar to that obtained for the effect of 32P on barley (38), but higher than for the effect of x-rays on Lemna (33) or on Spirodela (Bollard, unpublished data).
Separation Procedure. The first extraction step gave a chloroform-methanol extract which was then converted into a 2-phase mixture; centrifuging left a thin curd between the two. The chloroform phase contained virtually all the phospholipid and no other phosphorus compounds; the aqueous phase contained much of the acid-soluble material; and the curd contained about 13 % of the tissue RNA and a trace of phospholipid. Solubility of s-RNA in lipid solvents under acid conditions, has been reported (21) , suggesting that the curd represents the s-RNA fraction of the tissue. In these experiments it was returned to the residue, to be later hydrolyzed along with the rest of the RNA.
The acid-soluble phosphate esters plus Pi were extracted mainly in the aqueous phase of the chloroform-methanol extract (31,800 mumoles P/g fr wt). 330, and 1000 mpmoles/g (39) ] and in voung tobacco leaf [550 mumoles/g (28) ].
There appears to be very little information on the actual amount of phospholipid present in plant tissues (46) ; though several studies have been made on their identity and their proportions. Phosphatidyl choline, phosphatidyl ethanolamine and phosphatidyl glycerol were the major ones found in potato tuber ('26) , oat coleoptiles (47), bean, beet, and spinach leaves (24, 46) , and apple fruit (29). They are also the major phospholipids present in Spirodela. The (6. 12, 25, 32) . When extracting and separating coniditions have been mild, avoiding strongly acid or alkaline solutions, U'DPG is a major uridine-cointaining nucleotide ! (6, 32, 36) . Uridine diphosphogalactose may also be present (5) .
The ratio nucleoside triphosphate :nucleoside diphosphate :nucleoside monophosphate has beenl of major interest in many studies (37) . \Vhen uridinc nucleotides are studied as well as adenosinie niucleotides, it is generally found that the ATP:AI)i' and ADP:AMP ratios are higher than the corresponding ITTP:UDP and UDP:UMP ratios (8, 17, 32 (37) . However, when 2 tissues are being compared, it must be remembered that ATP :ADP can also depend heavily on the tissue extraction procedure used. It has already been shown that phosphatase activity can persist during some extraction procedures, leading to gross changes in the ATP :ADP ratio (9, 10) . Results in the present paper further show that it can be very difficult to recover nucleotides quantitatively from plant tissues by simple acid extraction procedures. It is of note that high ATP :ADP :AMP ratios, typically 50:20:10, have always been obtained in this laboratory, using a variety of green and non-green tissues, whenever phosphatase action has been prevented and nucleotide recovery has been nearly quantitative.
Certain compounds that would be expected to be present in Spirodela were not identified by the procedures used. Some of the data presented in this paper merely confirm those obtained for other tissues; others appear to be the first records of the amounts of those esters. However, the main object of this paper has been to present all values for one tissue at one time; and to measure not only the amounts of the identifiable compounds, but also the amounts and nature of the unidentifiable ones. In this way it has been possible to set up a balance sheet for phosphorus in this plant, in which about 98 % of the tissue phosphorus has been accounted for in known compounds. The study should be of value. not only in establishing the amount of each identified compound, but also in fixing limits on the amounts of other compounds that might be present. Occasional compounds, for example phytic acid, will undoubtedly be present in widely differring amounts in different tissues. It has been the experience of this laboratory that the relative proportions of most of the various soluble phosphate esters are remarkably consistent from tissue to tissue and time to time, and in this respect, the present values are typical.
